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We use inelastic neutron scattering to study energy and wave vector dependence of the
superconductivity-induced resonance in hole-doped Ba0.67K0.33(Fe1−xCox)2As2 (x = 0, 0.08 with
Tc ≈ 37, 28 K, respectively). In previous work on electron-doped Ba(Fe0.963Ni0.037)2As2 (TN = 26
K and Tc = 17 K), the resonance is found to peak sharply at the antiferromagnetic (AF) ordering
wave vector QAF along the longitudinal direction, but disperses upwards away from QAF along the
transverse direction [Kim et al., Phys. Rev. Lett. 110, 177002 (2013)]. For hole doped x = 0, 0.08
without AF order, we find that the resonance displays ring-like upward dispersion away from QAF
along both the longitudinal and transverse directions. By comparing these results with calcula-
tions using the random phase approximation, we conclude that the dispersive resonance is a direct
signature of isotropic superconducting gaps arising from nested hole-electron Fermi surfaces.
Understanding the interaction between magnetism and
unconventional superconductivity continues to be an im-
portant topic in modern condensed matter physics [1–
4]. In copper and iron-based high-transition-temperature
(high-Tc) superconductors, the parent compounds are
long-range ordered antiferromagnets and superconduc-
tivity arises from electron or hole-doping to the par-
ent compounds [1–3]. Although static antiferromagnetic
(AF) order in the parent compounds is gradually sup-
pressed with increasing doping, dynamic spin correla-
tions (excitations) remain and inelastic neutron scat-
tering (INS) experiments have identified a ubiquitous
collective spin excitation mode, termed neutron spin
resonance, that occurs below Tc with a temperature-
dependence similar to the superconducting order param-
eter [5, 6, 9–14]. Moreover, the energy of the resonance
has been associated with Tc or superconducting gap size
∆ [15–18], thus establishing its direct connection with su-
perconductivity. For hole-doped copper oxide supercon-
ductors such as YBa2Cu3O6+x, the resonance, obtained
by subtracting the normal-state spin excitations from
those in the superconducting state, displays predomi-
nantly a downward dispersion away from the in-plane AF
ordering wave vector QAF = (1/2, 1/2) of the proximate
tetragonal phase [19–22]. In the case of undoped iron
pnictides, the AF order occurs in the orthorhombic lat-
tice with spins aligned anti-parallel along the orthorhom-
bic ao axis (H direction in reciprocal space) and parallel
along the bo axis (K direction) at the in-plane wave vec-
tor at QAF = (1, 0) [3]. Here, the resonance for electron-
underdoped iron pnictide BaFe1.926Ni0.074As2 with co-
existing AF order and superconductivity [23] is centered
around QAF along the H (longitudinal) direction but has
an upward spin-wave-like dispersion along the K (trans-
verse) direction [24]. Finally, for heavy Fermion super-
conductor CeCoIn5 [4], the resonance exhibits a spin-
wave ring like upward dispersion [25, 26] reminiscent of
spin waves in nonsuperconducting CeRhIn5 [27, 28].
Although it is generally accepted that the presence of a
resonance is a signature of unconventional superconduc-
tors [1], there is no consensus on its microscopic origin.
The most common interpretation of the resonance is that
it is a spin-exciton, arising from particle-hole excitations
involving momentum states near the Fermi surfaces that
possess opposite signs of the d-wave [6–8] or s±-wave [29]
superconducting order parameter. For dx2−y2-wave su-
perconductors such as copper oxides [1] and CeCoIn5 [4],
the resonance is expected to show a downward dispersion
away from QAF = (1/2, 1/2) of their parent compounds
[6]. Therefore, the surprising observation of a spin-wave
ring like upward dispersion of the resonance in CeCoIn5
[26] suggests that the mode is a magnon-like excitation
revealed in the superconducting state due to reduced hy-
bridization between f electrons and conduction electrons,
and not an indication of a sign reversed order parameter
[30]. For iron pnictide superconductors [Fig. 1(a)], the
resonance is generally believed to be a spin exciton aris-
ing from sign-reversed quasiparticle excitations between
the hole and electron Fermi surfaces located at Γ and
X/Y points in reciprocal space, respectively [Fig. 1(e)]
[29]. Although the observation of a transverse upward
spin-wave-like dispersive resonance in superconducting
BaFe1.926Ni0.074As2 is different from the downward dis-
persion of the mode in YBa2Cu3O6+x, it has been argued
that the mode is a spin exciton arising from isotropic s±
superconducting gaps at Γ and X/Y points and its cou-
pling with the normal state spin fluctuations via
Ωq =
√
Ω20 + c
2
res,qq
2 (1)
, where Ω0 is the resonance energy, cres,q = Ω0ξq is the
ar
X
iv
:1
80
8.
06
10
8v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
18
 A
ug
 20
18
2velocity of the resonance and its anisotropy in momen-
tum (q) space is due to the anisotropy in the normal
state spin-spin correlation length ξq [24, 31, 32]. How-
ever, spin waves from static AF order coexisting with su-
perconductivity in BaFe1.926Ni0.074As2 may complicate
such interpretation.
If the resonance in iron pnictide superconductors is in-
deed a spin exciton without related to spin waves from
static AF order, one would expect that modifying the
wave vector dependence of the normal state spin fluc-
tuations should affect the dispersion of the resonance,
as the former is directly associated with shapes of the
hole and electron Fermi surfaces in reciprocal space
[33]. From previous work on electron and hole-doped
BaFe2As2, we know that the low-energy (< 40 meV)
normal state spin fluctuations change from transversely
elongated for electron-doped BaFe2−xNi2As2 [34] to lon-
gitudinally elongated for hole doped Ba0.67K0.33Fe2As2,
while the high-energy (E ≥ 50 meV) spin fluctuations
of these materials have similar transverse elongation
[35, 36]. Therefore, it would be of great interests to study
the dispersion of the resonance in Ba0.67K0.33Fe2As2 and
its electron-doping effect in Ba0.67K0.33(Fe1−xCox)2As2
[Fig. 1(a)] to test the spin exciton hypothesis [37, 38].
In this paper, we use time-of-flight (TOF)
INS experiments to study wave vector and en-
ergy dependence of the resonance in hole-doped
Ba0.67K0.33Fe2As2 (Tc = 38 K) and its electron-
compensated Ba0.67K0.33(Fe0.92Co0.08)2As2 (Tc = 28 K)
without static AF order, where Co and K doping levels
are nominal [Fig. 1(a)]. We find that the resonance in
Ba0.67K0.33Fe2As2 has a spin-wave ring-like dispersion
extending more along the longitudinal (H) than the
transverse (K) directions from QAF [Fig. 2(a-c)]. Upon
electron-doping to form Ba0.67K0.33(Fe0.92Co0.08)2As2
with reduced Tc, the dispersion along the longitudinal
direction narrows [Figs. 1(c) and 1(d)]. These results can
be understood as arising from isotropic superconducting
gaps in nested hole and electron Fermi surfaces within
the BCS theory in the random phase approximation
(RPA) calculation of the spin exciton model [39, 40]. Our
results thus establish that the spin-wave-like dispersion
of the resonance in iron pnictides is a spin exciton of a
nested hole and electron Fermi surfaces.
We carried out INS experiments using the SEQUOIA
spectrometer at the Spallation Neutron Source and
the HB-3 triple-axis spectrometer in High Flux Iso-
tope Reactor, both at Oak Ridge National Labora-
tory. For TOF INS experiment, we prepared 11 g
of sizable Ba0.67K0.33(Fe0.92Co0.08)2As2 single crystals
and co-aligned them on aluminum plates [35]. The
Ba0.67K0.33Fe2As2 single crystals were previously mea-
sured [36]. The TOF experiments used incident neu-
trons parallel to the c axis with incident energies of
Ei = 35, 80, and 250 meV with corresponding Fermi
chopper frequency ω = 180, 420, 600 Hz, respectively.
We define (H,K,L) = (qxa/2pi, qyb/2pi, qzc/2pi) using the
orthorhombic lattice notation for the tetragonal lattice,
where a = b ≈ 5.57 A˚, c = 13.13 A˚. The experiments
on HB-3 used a pyrolytic graphite monochromator, ana-
lyzer, and filter after the sample with fixed final energy
Ef=14.7meV and collimators of 48
′80′-sample-40′240′.
Figure 1(a) shows the electronic phase diagram of
Ba0.67K0.33(Fe1−xCox)2As2 as determined from our neu-
tron diffraction experiments [41]. Consistent with
earlier work [37, 38], we see that Co-doping to
Ba0.67K0.33Fe2As2 gradually suppresses superconductiv-
ity and induces long-range AF order for x ≥ 0.16. To
systematically investigate the Co-doping evolution of the
resonance without complication of static AF order, we
focus on x = 0, 0.08 samples [Fig. 1(a)]. Figure 1(b)
summarizes the three dimensional (3D) dispersion of the
resonance in x = 0.08, obtained by taking the tempera-
ture difference of spin excitation spectra between the su-
perconducting state at T = 5 K and the normal state at
T = 40 K. While the resonance first starts to emerge from
E = 5 meV at QAF = (1, 0), it has strong in-plane dis-
persion along both the H and K directions, which leads
to a ring of scattering in the (H,K) plane at E = 18± 1
meV. These results are clearly different from electron-
doped Ba(Fe0.963Ni0.037)2As2 where the modes disperses
only along the K direction [24].
To determine the Co-doping evolution of the reso-
nance, we show in Figs. 1(c) and 1(d) the dispersions
of the mode along the H-direction for x = 0 and 0.08,
respectively. Inspection of the figures reveals a clear nar-
rowing of the width of the resonance with increasing x.
These results are qualitatively consistent with expecta-
tions of hole and electron Fermi surface nesting, where
Co-doping reduces the size of the hole pocket near Γ and
increases the size of the electron pocket near the X/Y
points [Figs. 1(e), and 1(f)] [3].
Figure 2 summarizes the wave vector and energy de-
pendence of spin excitations near the resonance energy
in the normal and superconducting states of x = 0, 0.08
samples. For x = 0, spin excitations in the supercon-
ducting state are longitudinally elongated, with the lon-
gitudinal elongation increasing with increasing energy
[Figs. 2(a)-2(c)]. In the normal state [Figs. 2(d)-
2(f)], the in-plane spin excitations show less anisotropy
from 15 meV [Fig 2(d)] up to 23 meV [Fig 2(f)]. For
x = 0.08, while the normal state spin excitations are
centered at QAF = (1, 0) for all measured energies [Figs.
2(j)-2(l)], progressive larger ring-like features appear at
E = 13± 1, 17± 1, and 19± 1 meV [Figs. 2(g)-2(i)].
To understand the normal state spin excitations and
their connection with the resonance, we fit the normal
state spin excitations with a Fermi liquid model and find
the in-plane two-dimensional (2D) correlation length ξq
[24, 41]. The anisotropic ξq can be used to estimate the
resonance dispersion Ω2q = ∆qΓq(1 + ξ
2
qq
2), where ∆q is
the q-dependent superconducting gap and Γq is the q-
3dependent Landau damping [24]. Assuming an isotropic
Landau damping and superconducting gap, the disper-
sion of the resonance mode is reduced to equation (1)
with cres,q = Ω0ξq, thus directly connects normal state
spin correlation length (and its anisotropy) to the res-
onance dispersion. Although such a picture can quali-
tatively capture the ring-like upward dispersion of the
resonance, it cannot explain the change in the longitudi-
nal elongation of the spin excitations from the normal to
the superconducting state [Figs. 2(a)-2(f)] [36].
By computing the differences between the normal (T =
45 K) and superconducting (T = 5 K) state measure-
ments [6], Figures 3(a)-3(c) show in-plane q-dependence
of the resonance at energies of E = 12 ± 1, 15 ± 1, and
21± 2 meV, respectively, for x = 0. At E = 12± 1 meV,
the resonance is a longitudinally elongated ellipse cen-
tered at QAF = (1, 0). On moving to E = 15 ± 1 meV,
the ellipse becomes slightly larger but is still centered at
QAF. Further increasing energies to E = 21± 2, we find
elliptical ring-like scattering dispersing away from QAF.
Figures 3(g)-3(i) summarize similarly subtracted data for
x = 0.08, which reveal a clear ring-like resonance at ener-
gies E = 15± 1, and 17± 1 meV. Compared with x = 0,
the resonance has ring-like scattering in x = 0.08 but is
more isotropic in reciprocal space along the H and K
directions.
Although Figures 1-3 have shown the dispersive ring-
like feature of the resonance in x = 0, 0.08 samples, the
mode has a rather broad energy width that may be re-
lated to inhomogeneous superconductivity [6]. It is there-
fore important to establish temperature dependence of
the commensurate and ring-like response below Tc, and
determine if the ring-like feature also responds to super-
conductivity and is related to the superconducting gap
function. Figures 4(a)-4(d) show the 2D images of the
resonance at 15 K and 25 K for the x = 0.08 sample.
The corresponding one-dimensional (1D) cuts are shown
in Figs. 4(e)-4(h). While intensity of the resonance at
probed energies decreases with increasing temperature
and vanishes at Tc, the wave vector dependence of the
mode and the ring-like feature have no visible temper-
ature dependence. Figure 4(i) shows temperature de-
pendence of the integrated intensity of the resonance at
E = 15 ± 1, 20 ± 1, and 12 meV. At all probed ener-
gies, temperature dependence of the resonance behave
identically, suggesting that they are related to the super-
conducting gap function.
Having established the wave vector and Co-doping de-
pendence of the resonance dispersion and normal state
spin excitations in Ba0.67K0.33(Fe1−xCox)2As2, we now
test if the dispersion of the mode is well described by the
spin exciton model of eq. (1) [24]. To do this, we first
fitted the 2D normal state spin excitations in Figs. 2(d)-
2(f) and 2(j)-2(l) with ξq [24, 41], the outcome was then
used to fit the data in the superconducting state and ob-
tain cres,q along different directions. For x = 0, we find
cres,H ≈ 154 and cres,K ≈ 169 meVA˚. Fitting the actual
dispersion curves of the resonance in Figs. 1(c) and 3(a)-
3(c) with a linear dispersion yields cres,H(exp) ≈ 65 and
cres,K(exp) ≈ 84 meVA˚. Similarly, we find cres,H ≈ 126
and cres,K ≈ 141 meVA˚, and cres,H(exp) ≈ 78 and
cres,K(exp) ≈ 87 meVA˚ for x = 0.08. The effect of
increasing Co-doping from x = 0 to x = 0.08 is to in-
crease cres,H(exp), while cres,K(exp) remains virtually
unchanged.
To quantitatively understand the experimental results,
we have used a BCS/RPA approximation [39] to calcu-
late the magnetic susceptibility χ′′(QAF, E) from a 3D
tight-binding five-orbital Hubbard-Hund model that de-
scribes the electronic structure of BaFe2As2 [40]. The
effect of doping by K and Co substitution is estimated
by a rigid band shift. Specifically, we use a filling of
〈n〉 = 5.915 corresponding to a hole doping of 8.5% to
model the x = 0.08 system. For the superconducting
gap, we have used an isotropic s± gap with ∆ = 8 meV
on the Fermi surface hole cylinders around the zone cen-
ter and ∆ = −8 meV on the electron cylinders around the
zone corner. The interaction matrix in orbital space used
in the RPA calculation contains on-site matrix elements
for the intra-orbital and inter-orbital Coulomb repulsions
U and U ′, and for the Hunds-rule coupling and pair-
hopping terms J and J ′, respectively. Here, we have used
spin-rotationally invariant parameters J = J ′ = U/4 and
U ′ = U/2 with U = 0.77 eV.
For these parameters, we obtain a resonance in
χ′′(QAF, E) at QAF = (1, 0) and E = 10 meV. Moving
away from QAF, the resonance disperses upward result-
ing in a ring-like feature in constant energy scans that is
slightly elongated along the longitudinal direction similar
to what is observed in the experimental data. At energies
above ∼ 17 meV, the ring-like excitations disappear and
change into a broad blob centered at QAF = (1, 0). Fig-
ures 3(d)-3(f) and 3(j)-3(l) summarize the Co-doping and
energy dependence of the resonance from the RPA cal-
culation. we see that the RPA calculation with isotrpoic
superconducting gap can describe very well the energy
and doping evolution of the resonance, further confirm-
ing the spin exciton nature of the resonance although
details of the dispersion calculated from RPA still differ
somewhat from the experiments.
In summary, we have used TOF INS to study
the wave vector-energy dispersion of the resonance in
Ba0.67K0.33(Fe1−xCox)2As2 with x = 0, 0.08. Com-
pared with electron-doped underdoped superconduct-
ing Ba(Fe0.963Ni0.037)2As2, where the resonance displays
a strong transverse dispersion but centered at QAF
along the longitudinal direction [24], the resonance in
Ba0.67K0.33(Fe1−xCox)2As2 has ring-like dispersion that
follows the evolution of the Fermi surface nesting with
increasing Co-doping. These results are consistent with
expectations of a spin exciton model with BCS/RPA
approximation, indicating that the mode arises from
4particle-hole excitations involving momentum states near
the sign-reversed electron-hole Fermi surfaces.
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FIG. 1: (a) Electronic phase diagram of
Ba0.67K0.33(Fe1−xCox)2As2, black arrows indicate the
Co-doping samples reported in this work. Blue squares,
red triangles, black squares represent Tc, Ts, TN respec-
tively. (b) The 3D plot of the resonance dispersion of the
x = 0.08 sample in reciprocal space after correcting the Bose
population factor. The orange area marks possible long
range AF ordered phase induced by Co-doping. The bottom
and top slice shown in this plot are energy integrated at
E = 10 ± 1 and 18 ± 1 meV with Ei=35 meV, respectively.
(c,d) Constant wave vector slice of the resonance from 10
meV to 22 meV with Ei = 35 meV along the H direction
for x = 0 and 0.08, respectively. The slice is integrated from
−0.15 ≤ K ≤ 0.15. The blue solid lines are fits of resonance
dispersion using equation (1). The red dashed line indicates
the width of the resonance dispersion at 8 meV above its
initial energy. All scattering intensities in Figs. 1-4 are
corrected by the magnetic form factor and Bose population
factor. (e,f) Co-doping evolution of the Fermi surfaces from
density functional theory calculation, where red, green, and
blue indicate dxz, dyz, and dxy orbitals.
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FIG. 2: The 2D images of spin excitations as a function of
energy below and above Tc for x = 0 (a-f) and 0.08 (g-l). Cuts
(a), (b), (d), (e), (g) (l) are taken with Ei = 35 meV and (c)
and (f) are taken with Ei = 70 meV. The instrument energy
resolutions for Ei = 35 meV and Ei = 70 meV are ∼1.5 and
3.5 meV, respectively. The white areas in Figs. 2-4 are due
to dead detectors.
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FIG. 3: Comparison of the dispersions of the resonance with
BCS/RPA calculation. (a-c) Constant energy slice of spin
resonance for x = 0. (d-f) Corresponding calculated images of
the resonance from BCS/RPA theory. (g-i) Constant energy
slice of spin resonance For x = 0.08. The dashed curves in
the figures are expected spin wave dispersion using fits in Figs.
1(c), 1(d). (j-l) Corresponding images of the resonance from
BCS/RPA theory.
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FIG. 4: Temperature dependence of the resonance at different
energies for x = 0.08. (a,c) Temperature dependence of the
resonance at E = 15± 1. (b,d) Identical scans at E = 20± 1
meV. (e-h) The corresponding 1D cuts along different direc-
tions. (i) Temperature dependence of the resonance at differ-
ent energies, where Tc is marked by the vertical arrow. The
integration area in E = 15± 1 and 20± 1 meV correspond to
black and red dashed boxes in (a).
